ABSTRACT Disinfection of hatching eggs is essential to ensure high quality production of broilers. Different protocols are followed in different hatcheries; however, only limited scientific evidence on how the disinfection procedures impact the microbiome is available. The aim of the present study was to characterize the microbiome and aerobic bacterial load of hatching eggs before disinfection and during the subsequent disinfection steps. The study included a group of visibly clean and a group of visibly dirty eggs. For dirty eggs, an initial wash in chlorine was performed, hereafter all eggs were submitted to two times fumigation and finally spray disinfection. The eggshell microbiome was characterized by sequencing of the total amount of 16S rRNA extracted from each sample, consisting of shell surface swabs of five eggs from the same group. In addition, the number of colony forming units (cfu) under aerobic conditions was established for each disinfection step. The disinfection procedure reduced the bacterial load from more than 10 4 cfu (initially visibly clean eggs) and 10 5 cfu (initially visibly dirty eggs) to less than 10 cfu per sample after disinfection for both groups of eggs. The microbiome of both initially visibly clean and initially visibly dirty eggs had the highest abundances of the phyla Firmicutes, Proteobacteria and Bacteroidetes. Within the phyla Firmicutes the relative abundances of Clostridiales decreased while Lactobacillus increased from before to after final disinfection. In conclusion, the investigated disinfection procedure is effective in reducing the bacterial load, and by adding a chlorine wash for initially visibly dirty eggs, the microbiome of initially visibly clean and initially visibly dirty eggs had a highly similar microflora after the final disinfection step.
INTRODUCTION
Under natural conditions avian eggs are equipped with a diverse microflora of commensal strains (Board, 1966) . However, contamination of hatching eggs with more pathogenic bacteria species may cause poor hatchability and decreased chick performance in industrial broiler production (Baxter-Jones, 1991; Wang et al., 2011) . Therefore, hatching eggs are commonly disinfected to kill microorganisms on the surface of the eggshell.
Although it is essential that high standards of hygiene and proper management are practiced at breeder farms in order to minimize soiling of eggs, further chemical and physical disinfection of eggs is considered necessary C 2017 Poultry Science Association Inc. Received March 31, 2016. Accepted June 13, 2017. 1 Corresponding author: cava@sund.ku.dk to limit the bacterial load when eggs are to be incubated in a hatcher.
Most eggshell contamination occurs immediately after eggs are laid and the main source of contamination of hatching eggs is contact of shells with dirty surfaces (Harry and Gordon, 1966; Dolman and Board, 1992) . Therefore, the location and sanitation of the place of oviposition is critical in relation to obtaining hatching eggs with minimum contamination of the eggshells (Sparks and Board, 1985) . However, in large scale production the presence of some dirty eggs is almost inevitable, and particular attention to sufficient disinfection must be given to visibly dirty eggs, otherwise they may carry a high load of bacteria into the hatcher which may result in low hatchability and high mortality of the broiler chicks (Buhr et al., 2015) .
The evaluation of the efficiency of different disinfection procedures has previously been limited to only include aerobic cultivable microorganisms (Sheldon and Brake, 1991; Fasenko et al., 2009) , but the progression 3901 of culture-independent methods now allows for insight into the full bacteria microbiome of the egg. Sequencebased microbiome analysis does not distinguish between viable or dead bacteria, thus estimations of colony forming units are still needed to complete the results of a microbiome analysis.
Therefore, the aim of this study was to investigate the impact of a specified disinfection procedure on the eggshell microbiome as well as aerobic colony forming units in different steps of the disinfection. In addition, the aim of the study was to compare the microbiome and cfu of initially visibly clean and initially visibly dirty eggs, respectively.
MATERIALS AND METHODS

Egg Groups and Disinfection Procedure
Eggs were collected in early fall 2015 at a laying farm (breeder line Ross 308) in Cyprus. Floor eggs were collected daily at minimum 4 times up to a maximum of 6 hour intervals. Nest eggs were collected 4 times per day via an egg collecting belt.
On the farm eggs were divided into two groups, depending on the visibly appearance of the eggshell surface. Eggs with an eggshell surface uniformly free of any adherent or fecal material were placed in the group termed "Initially visibly clean eggs", while eggs without an adherent or fecal material-free surface were placed in the group termed "Initially visibly dirty eggs". Subsequently, eggs within the group of initially visibly dirty eggs were chlorine immersion washed (without mechanical brushing) using a concentrate containing sodium dichloroisocyanurate at a concentration of 0.2 g per liter of water at 41
• C for 10 minutes. Eggs were washed three hours after collection three times a day. A maximum of 180 eggs were washed at a time. The eggs were then set to dry on a clean plastic table, placed within the bucket used for washing. After this initially step, the initially visibly dirty eggs followed the same procedure as for the initially visibly clean eggs collected on farm.
The first fumigation for all eggs was conducted in a dedicated room (fumigation chamber) on the laying farm. Fumigation was done using a mixture of 40 mL formalin (40%) and 20 g of potassium permanganate per cubic meter. The temperature and the relative humidity in the fumigation chamber were kept between 24 and 38
• C and 60 to 80%, respectively. The setup ensured that the gas was circulated throughout the chamber. The fumigation was carried out for 30 minutes. After the fumigation process was completed, all eggs were transported to the hatchery, in which the second round of fumigation was carried out using the same conditions as stated above.
Finally, before the eggs were placed in the hatcher, egg spraying was carried out using Virocid at a dilution of 0.5%. The spraying was carried out as thoroughly 1 Only initially visibly dirty eggs were submitted to chlorine wash. 2 Chlorine wash and 1. Fumigation was performed on the laying, but eggs were first sampled on arrival to the hatchery.
as possible while wetting the entire shell surface. The solution was kept as near as 41
• C as possible.
Bacterial Sampling of Surface of Eggshells
Eggshell samples were obtained at four different time points (Table 1 ). All eggs were randomly chosen and only sampled once and then discarded. At first, fifty initially visibly dirty and fifty initially visibly clean eggs were sampled right after eggs had been collected at the laying farm. With a gloved hand the entire surface of each egg was swabbed by a sterile wooden cotton swab (Hardy diagnostics, Santa Maria, CA) moisten in phosphate-buffered saline (PBS) (Dulbecco, Life Technologies, Carlsbad, CA), and placed in a 15 mL centrifuge tube containing 10 mL PBS. A total of five swabs were pooled in each centrifuge tube, implying that each sample contains swabs from five eggs. Immediately after arriving to the hatchery 50 eggs (initially visibly clean and initially visibly dirty, respectively) were swabbed. To investigate the impact of each step in the disinfection procedure, 25 eggs from each group (clean/dirty) were swabbed after fumigation at the hatchery, while the remaining eggs were finally spray disinfected. Just before the eggs were placed in the hatcher at the hatchery, additionally 25 eggs from each group of clean and dirty eggs were swabbed.
All samples were shipped express on ice to Copenhagen, Denmark, in which the samples were further processed in laboratories at University of Copenhagen, Faculty of Health and Medical Sciences.
Determination of Colony Forming Units (cfu)
To extract as much DNA as possible from the swabs paced in PBS, each swab was placed in a nicked PCR tube inside an Eppendorf tube and centrifuged at 10,000 × g for 2 min. This allowed excess PBS from the swab to be centrifuged into the Eppendorf tube. PBS in the each Eppendorf tube was returned to the 15 mL centrifuge tube in which the swab originally had been placed. Subsequently, all 15 mL centrifuge tubes were centrifuged a 4,000 × g for 15 min at 4
• C. The supernatant was discarded and the pellet was suspended in 1.0 mL 0.9% saline and finally transferred to a sterile Eppendorf tube.
To investigate if the number of cfu obtained from initially visibly dirty and initially visibly clean eggs of the same disinfection status (e.g., before disinfection) were statistically different, an unpaired Student t test was conducted for each of the four sampling points. P < 0.05 was considered statistically significant.
From each undiluted sample 100 μL were transferred serially to seven sterile Eppendorf tubes each containing 900 μL 0.9% saline. From each dilution, 100 μL were plated on each of two agar plates (Blood Agar Base, CM55, Oxoid, Basingstoke, UK) containing 5% sterile bovine blood. Plates were incubated at 37
• C for 24 hours before the number of cfu per plate was counted manually.
DNA Extraction
After 100 μL from each sample had been used to estimate cfu, DNA from the remaining 900 μL undiluted sample was extracted using DNeasy Blood & Tissue KitTM (Qiagen, Ballerup, Denmark) according to the manufacturer's instructions. After extraction the quality of all DNA samples were evaluated using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Willmington, DE). For each group of eggs (initially visibly clean and initially visibly dirty, respectively) at each of the four sampling points, the two samples with highest DNA quality score were submitted to 16S rRNA sequencing.
To evaluate within group diversity of egg samples from the same disinfection time, two additional samples were included for the initially visibly clean and initially visibly dirty egg groups before disinfection, respectively, as well as two samples from each group after the final disinfection step (Figures 2 and 3)
16S rRNA Amplicon Library Preparation
Bacterial V3-4 16S rRNA sequencing libraries were prepared by a custom protocol based on an Illumina protocol. Ten nanogram of extracted DNA was used as template for PCR amplification of the 16S gene fragments. Each PCR reaction (25 μL) contained deoxynucleotide triphosphates (dNTPs) (400 μM of each), MgSO4 (1.5 mM), Platinum Taq DNA polymerase HF (2 mU), 1X Platinum High Fidelity buffer (Thermo Fisher Scientific) and tailed primer mix (400 nM of each forward and reverse). PCR was run with following program:
Initial denaturation at 95
• C for 2 min, 35 cycles of amplification (95
• C for 20 s, 50
• C for 30 s, 72 • C for60 s) and a final elongation at 72
• C for 5 min. Duplicate PCR reactions were performed for each sample and the duplicates were pooled after PCR. The forward and reverse tailed primers were designed according to the protocol and contain a primer parts targeting the respective 16S gene fragments (V3-4: 5'-CCTACGGGNGGCWGCAG (341F) and 5'-GACTACHVGGGTATCTAATCC (805R)). The primer tails enable attachment of Illumina Nextera adaptors for sequencing in a subsequent PCR. The amplicon libraries were purified using Agencourt Ampure XP Bead (Beckman Coulter, Brea, CA) using vendor recommended protocol, using a bead to sample ratio of 4:5 and the DNA was eluted in 33 μL of nuclease free water (Qiagen, Germany). DNA concentration was measured using Quant-iT DNA Assay Kit, high sensitivity (Thermo Fisher Scientific).
Sequencing libraries were prepared from the purified amplicon libraries using a second PCR. Each PCR reaction (25 μL) contained 1 × PCRBIO HiFi buffer (PCR Biosystems, London, UK), PCRBIO HiFi Polymerase (1 U) (PCR Biosystems), adaptor mix (400 nM of each forward and reverse) and 2 μL of amplicon library template. PCR was run with following program: Initial denaturation at 95
• C for 2 min, 8 cycles of amplification (95
• C for 20 s, 55
• C for 30 s, 72
• C for 60 s) and a final elongation at 72
• C for 5 min. The sequencing libraries were purified using Agencour Ampure XP Bead (Beckman Coulter) using vend or recommended protocol, using a sample/bead ratio of 5:4 and the DNA was eluted in 20 μL of nuclease free water (Qiagen, Germany). DNA concentration was measured using Quant-iT DNA Assay Kit, high sensitivity (Thermo Fisher Scientific). Gel electrophoresis using Tapestation 2200 and D1000 High Sensitivity screentapes (Agilent, Santa Clara, CA) was used to check the product size and purity of randomly picked sequencing libraries.
DNA Sequencing
The purified sequencing libraries were pooled in equimolar concentrations and diluted to 4 nM. The samples were paired end sequenced (2 × 301 bp) on a MiSeq (Illumina, San Diego, CA) using a MiSeq Reagent kit v3, 600 cycles (Illumina) following the standard guidelines for preparing and loading samples on the MiSeq. The 20% Phixcontrol library was spiked in to overcome the low complexity issue often observed with amplicon samples.
16S rRNA Amplicon Bioinformatic Processing
As results may vary slightly within different sequence analyzing programs, two bioinformatics approaches were applied in the processing of sequence data.
First, forward and reverse reads were trimmed for quality using Trimmomatic v. 0.32 (Bolger et al., 2014) with the settings SLIDINGWINDOW: 5:3 and MINLEN: 275. The trimmed forward and reverse reads were merged using FLASH v. 1.2.7 (Magoc and Salzberg, 2011) with the settings -m 25 -M 200. The merged reads were de-replicated and formatted for use in the UPARSE workflow. The de-replicated reads were clustered, using the usearch v. 7.0.1090 -cluster otus command with default settings. operational taxonomic unit (OTU) abundances ware estimated using the usearch v. 7.0.1090 -usearch global command with -id 0.97. Taxonomy was assigned using the RDP classifier (Wang et al., 2007) as implemented in the parallel assign taxonomy rdp.py script in QIIME (Caporaso et al., 2010) , using the MiDAS database v.1.20 (McIlroy et al., 2015) . The results were analyzed in R (R Core Team, 2015) through the Rstudio IDE using the ampvispackage v.1.17.1 .
Secondly, Meta Genome Rapid Annotation using Subsystem Technology (MG-RAST) (Meyer et al., 2008) and QIIME (Caporaso et al., 2010) were used to analyze the sequence dataset and determine the taxonomic classification of the microbiome. Raw sequencing reads were uploaded to MG-RAST and joined into a single file using the default parameters of the MG-RAST program. An average of 27 ± 2% (SD) of the initial sequence reads from each sample was removed in this step. The final sequence length was 358 ± 7 bp (mean ± SD) and average number of joined reads per sample was approximately 130,924. The quality-filtering step removed between 0.4 and 3.2% sequences in each sample. All reads that passed MG-RAST quality control were searched against a reduced RNA database to identify ribosomal RNA using Blast-Like-Alignment Tool (BLAT) at a minimum of 90% identity. In average 98.3 ± 0.8% of the reads were identified as ribosomal RNA.
BIOM table and metadata suitable for data analysis with QIIME were created using the MG-RAST server. The table contained information on all taxa abundance and the number of hits (or clusters) found for the taxon in each sample. The abundance was calculated by multiplying the actual number of database hits found for the clusters by the number of cluster members, and was used to make various charts in QIIME. To calculate species diversity within individual samples alfa diversity was calculated using the alpha diversity.py script. Furthermore, the Simpson index was calculated taking species abundance into account. Finally, the microbiome (the presence of OTUs) in individual and pooled samples grouped based on the egg phenotype (initially visibly clean and initially visibly dirty) and disinfection status (before disinfection, after disinfection 1, after disinfection 2, and after disinfection 3) from the BIOM table was calculated and the distribution of bacteria at phylum, class, order, and family levels were summarized and plotted using the script summarize taxa through plots.py. The complete sequence dataset was deposited on the 
RESULTS
The cfu for Eggshell Sampled at Four Different Time Points
The average cfu of eggshell samples obtained before disinfection, after the chlorine wash (only for initially visibly dirty eggs) and first fumigation step, after the second fumigation step, and after spray disinfection is presented in Table 2 . There was a significantly higher load of bacteria on initially visibly dirty egg before disinfection, but after the first disinfection step using chlorine and fumigation, the bacterial load per sample from the initially visibly dirty eggs group was comparable with the bacterial load per sample of initially visibly clean eggs. In total the disinfection procedure reduced the bacterial load per sample with an average of 10 4 and 10 6 cfu for the initially visibly clean and initially visibly dirty eggs, respectively.
Microbiome Analyse
The eggshell microbiome was characterized by 16S rRNA gene sequencing for samples of eggs in the initially visibly clean and initially visibly dirty groups, respectively, before and after disinfection procedures.
The 25 most abundant bacteria found using Method 1 in all samples is presented in Figure 3 . The bacteria belonged to the phyla Firmicutes, Proteobacteria, Actinobacteria and Bacteroidetes, while genera included Lactobacillus, Staphylococcus, Psychrobacter, Aerococcus, Pseudomonas, Turicibacteria, Salinicoccus, Incertae Sedis, Corynebacterium, Escherichia/Shigella, Brevibacterium, Clostridium sensustricto 1, Faecalibacterium, Paracoccus, Bacteroides, Brachybacterium, Microbacterium, Blautia, Anaerosporobacter, (Figures 1-3 ). In addition, five different OTUs, an operational definition of a species or group of species often used when only DNA sequence data, were among the 25 most abundant bacteria (Table 3 ). , and Firimicutes family (C) level from shells of hatching eggs. DNA was extracted from eggshell swab samples and 16S rRNA gene sequencing was performed on an IlluminaMiSeq platform. The resulting sequences that passed quality assurance were assigned to bacterial sequences in the M5rna database with MG-RAST. The core microbiome was analyzed and the relative abundance of OTUs was calculated in the different samples. Each column represents the mean abundance in samples assigned to each group. A) The eggshell microbiome in initially visibly clean ( C) and visibly dirty ( D) eggs, B) The relative abundance of families in the core microbiome. C) The relative abundance of families in the core microbiome within the dominating phylum (Firmicutes). BD: Before disinfection, AD1: After 1. Disinfection, AD2: After 2. Disinfection, AD3: After 3. Disinfection.
Identification of samples with similar microbial communities was done using multivariate statistics principal component analysis (PCA). For all samples a relatively high within group (same egg type (clean/dirty), same disinfection status) high similarity was observed (Figure 4) . The microbial communities were significantly different between samples from initially visibly clean and initially visibly dirty eggs, respectively, but after final disinfection the microbial communities from the two groups were considerably more similar (Figure 3 ). After quality control of sequences using the second bioinformatics approach (see Materials and Methods), the resulting dataset consisted of 3011,262 high-quality sequences that were uploaded to MG-RAST. The average length was 358 bp and the mean number of reads per sample was 130,924. Rarefaction curves were made to evaluate the species richness in each sample and to evaluate if the depth of the sequencing was sufficient. Rarefaction curves for 87% (20/23) of the individual samples approached a plateau stage, indicating that the sampling of the community and sequencing coverage was sufficiently deep to detect a nearly maximum numbers of OTUs (Supplementary Figure 1) .
The total eggshell microbiome of initially visibly clean and initially visibly dirty eggs sampled before and after disinfection consisted of seven phyla: Firmicutes (63.0%), Actinobacteria (17.2%), Proteobacteria (6.9%), Bacteroidetes (4.4%), Tenericutes (3.1%), Fusobacteria (3.0%), and Cyanobacteria (2.3%). Firmicutes was the dominant phylumin most sample groups (except AD1-C) and varied from 18.8% to 100.0% (Figure 1, A) . Although phyla distribution in individual samples within the groups was quite variable, Firmicutes remained the most dominant (Figure 2, A) . In both pooled and individual sample an increase of Bacteroidetes and a decrease of Actinobacteria abundances after the final disinfection procedure in both initially visibly clean and initially visibly dirty egg groups were detected.
When considering the three main phyla at the family level, a decrease of Clostridiaceae and an increase of Lactobacillaceae within the Firmicutes phylum in initially visibly clean and initially visibly dirty eggs after the final disinfection procedure can be seen in both pooled and individual samples ( Figure 1B and Figure 2B ). A decrease of Kineosporiaceae (Actinobacteria) and an increase in Bacteroidaceae (Bacteroidetes) in both sample groups was also found ( Figure 1A and Figure 2A ). The abundance of changes of other families was less noticeable and varied between initially visibly clean and initially visibly dirty eggs. An increase in the number of different families on the surface of eggs after disinfection (up to 10) as compared to before disinfection (up to 4) was also observed (Table 3) .
Species diversity in each sample was calculated using QIIME. The results of α diversity are shown in Table 3 . An increase of calculated species richness from 14.5 and 10 before disinfection to 35.5 and 60.5 after the final disinfection in initially visibly clean and initially visibly dirty eggs respectively was detected. However, we also found considerable differences in species diversity between the individual samples assigned to a specific egg group (clean/dirty).
DISCUSSION
Under natural conditions the surface of the avian eggshell harbor a microflora of bacteria and fungi, functioning to protect the egg/embryo from infection by more pathogenic bacteria (Cook et al., 2005) . Several factors contribute to composition of the microflora, e.g., the type of hen (Potter et al., 2014) . Parental physiology also affects eggshell microbiome through vertical transmission of cloacal microflora. Ruiz- De-Castaneda et al. (2011), and Cook et al. (2005) showed that parental incubated eggs harbored less pathogenic bacteria compared to eggs incubated in the hatcher. To minimize the load of pathogenic bacteria on the eggshell, hatching eggs are therefore submitted to egg disinfection, in which the procedures may differ from hatchery to hatchery. The microflora may also be significantly dependent on the oviposit ion of the egg, especially if the egg is laid on the floor. Consequently, most hatcheries have different disinfection procedures for eggs with visibly clean eggshell surfaces (most often nest eggs) and egg with shells with adherent or faecal material (most often floor eggs).
In the present study, cfu before disinfection were significantly higher among samples of initially visibly dirty eggs than among samples of initially visibly clean eggs (Table 2 ). In pooled samples the microflora did not differ significantly between initially visibly dirty eggs and initially clean eggs. Overall, the eggs microbiome was dominated by bacteria belonging to the phyla of Firmicutes, Proteobacteria, and Actinobacteria (Figure 1) . However, large variations within samples from the same group (initially clean or dirty) with same disinfection status were observed (Figure 2) . It is assumed that the egg acquires its first load of bacteria, as it passes through the cloaca of the laying hen. Only studies on the microbiome of broilers are available, and might not be completely identical to the microbiome of older breeders, nevertheless, several papers report Firmicutes, Proteobacteria, Actinobacteria, and Bacteriodetes to be the dominating phyla of adult broilers (Tillman et al., 2011; Wei et al., 2013) . In contrast to the major individual sample variation observed in the present study, the microbiome between the individual chickens seems to be relatively similar. It could therefore be assumed that before the egg has left the cloaca, the microbiome reflects the status of the laying hen, and differences observed in the individual samples are due to post-lay contamination. The distribution of bacteria constituting the microbiome is reported in relative abundance, therefore, when samples are pooled (four samples of initially visibly clean eggs before disinfection), very high abundances of some species may hamper identification of phyla only present in low amount in individual samples. In the present study, the consequence is that initially visibly clean and initially visibly dirty eggs seem to have similar microbiome before disinfection when samples are pooled (Figure 1) , however, this is most likely due to very high abundances of Firmicutes and Proteobacteria in both groups of eggs. At individual sample level both within and between groups major difference very observed (Figures 2 and 3) Before disinfection, the bacterial diversity was lower for initially visibly dirty eggs than initially visibly clean eggs (Table 3) . However, the diversity parameter should be carefully interpreted due to the large variations between samples of the same group of eggs at the same time of disinfection. While both groups of eggs Firmicutes belonging to the class of Bacilli (Figure 1) , and individual samples of initially visibly dirty eggs included more potential pathogenic spoilage bacteria, including Corynebacterium and Psychrobacter (Figure 3 ), which previously have been associated with spoilage of broiler meat products (Charles et al., 2006; Zhang et al., 2012 ), but have not been described as belonging to the normal microflora of eggs, indicating a likely unfavorable contamination.
The average cfu from samples of initially visibly dirty eggs were more than 20 times higher than the cfu of initially visibly clean egg samples (Table 2) . To compensate for the greater risk of dirty eggs in terms of being a reservoir for potential pathogenic bacteria, initially visibly dirty eggs were initially washed in a chlorine solution. Hereafter they were fumigated together with the initially visibly clean eggs (mostly nest eggs).
The first round of fumigation reduced average the cfu for initially visibly clean eggs to approximately10 3 cfu per sample, while the average cfu of the eggshell for initially visibly dirty eggs was reduced to an average for 10 2 cfu per sample after the combined effect of chlorine washing plus fumigation ( Table 2) . Washing of the eggshell is seen as a risk in most of the countries in the European Union because washing damages the outer cuticle of the shell (Hutchison et al., 2004; Samiullah et al., 2013) . The cuticle offers a natural barrier to contamination and obstructs microorganisms to enter the interior of the egg Board (1975) and Patterson et al. (1990) found that hatchability was decreased if eggs were dipped in a chlorine solution for more than 5 min. In the present study, a 10 min chorine procedure is ruinously performed, and a difference on hatching percentage between chlorine washed eggs and not chlorine washed eggs has been observed at the hatchery (personal communication, hatchery manager). Hatching of none-chlorine-washed eggs is about 75% on average. Hatching percentage of chlorine washed eggs (floor eggs) differs to the none-chlorine-washed eggs at a rate of 2% to 20% as the age of the flock increases (20% difference in hatchability at the age of 65 weeks). Another study reported that washing also allows subsequent trans-shell and trans-membrane microbial penetration into the egg (Samiullah et al., 2013) . Consequently, it is important to prevent recontamination of the egg after washing. In the present study the process of chlorine washing and fumigation combined was able to reduce cfu per sample to a level comparable to samples of initially visibly clean egg after fumigation. However, a general limitation to the present study is that only the surface eggshell is included for examination of the microbiome and cfu per sample, as cfu may be considerably higher and the microbiome different when examining crushed eggshells compared to swabs of surface of eggshell (Seviour et al., 1972; Cadirci, 2009; Grizard et al., 2014) . In the present study the process of chlorine washing and fumigation combined was able to reduce cfu per sample to a level comparable to samples of initially visibly clean egg after fumigation.
The second fumigation reduced the average cfu with 2.5 times for initially visibly clean egg samples and 1.25 times for initially visibly dirty egg samples (Table 2) . Compared to the reduction observed after the subsequent spray-disinfection with Virocid, the impact of the second disinfection/fumigation seems limited. It may be speculated if second round of fumigation could be omitted. Although more studies report that formalin fumigation does not decrease hatchability (Sacco et al., 1989; Sander et al., 1995) reducing the extent of formalin fumigation will be advantageous not only for the environment, but also for the health of occupational employees of the hatchery.
After spray disinfection, the average cfu per egg of the initially clean eggs as well as the clean dirty-egg group were less than 1 (Table 2 , five eggs are pooled in one sample). After the final disinfection, Firmicutes remained the most dominant phyla in the microbiome of initially visibly clean as well as initially visibly dirty eggs, however, within Firmicutes the abundance of Clostridiale had decreased while Lactobacilliales had increased for both types of eggs.
The disadvantage of 16S RNA amplicon sequencing is that the method does not distinguish between viable or killed bacteria. If a disinfection procedure is capable of killing or inactivating bacteria, fragments of bacterial DNA may be present on the egg surface. If the DNA contains a complete part of the 16S region, then the bacteria will appear in the microbiome analysis even if the bacteria have been inactivated. The main purpose of disinfection of hatching egg is to eliminate the presence of microorganisms potentially pathogenic for chicken embryos or newly hatched chicks, rather than aiming for a perfectly sterile eggshell. However, only a small subset of bacterial species present on the eggshell might actually be pathogenic to the embryo. Thus, an increase in the number of non-pathogenic bacteria during incubation could be seen as an approach to avoid colonization by pathogenic types through direct inhibition or competitive exclusion (Cook et al., 2005) . Therefore, it is essential to keep high hygiene standards during incubation at the hatchery, as sterilized eggs have decreased defense mechanisms against pathogenic bacteria. Future studies remains to investigate how the hatcher environment affects the eggs microbiome and to establish if eggs are re-contaminated in the hatcher. Such a study may be carried out by comparison of egg immediately before introduced to the hatcher as outlined in this paper and bacterial swabs of eggshells after 21 days of incubation in the hatcher (immediately before hatch). Other studies may also clarify if exposing sanitized eggs to commensal egg bacteria, such as Lactobacillus, would be advantageous for hatchability as improving performance of the broiler.
CONCLUSION
In the present study, eggshells from initially visibly dirty eggs differed significantly from eggshells from initially visibly clean eggs before disinfection with respect to both cfu and microbiome composition. Overall, the most abundant phyla were Actinobacteria and Firmicutesat the eggshells of both visibly clean and visibly dirty eggs before disinfection. Within the order of Firmicutes, Bacilliales decreased while Lactobacilliaes increased in samples before disinfection compared to samples after the final disinfection step. For the visibly dirty eggs, the eggshell microflora was considerably less diverse and enriched in potential pathogenic bacteria compared to the microflora of visibly clean eggs. After an initial wash in chlorine of the initially visibly dirty eggs, the cfu of the eggshell of initially visibly dirty and visibly clean eggs, respectively were not significantly different. After final spray-disinfection visibly clean as well as visibly dirty eggs had less than 10 cfu per eggshells sample, which must be considered highly satisfactory in terms of egg sanitation. Future studies remain to investigate the impact of the disinfection procedure on trans-shell bacterial migration, and how hatcher incubation time affect the microflora of eggs largely deprived of their natural protective commensal flora.
